for a grid-connected photovoltaic generation system to compensate shadowing phenomena. The solar cell array in this paper is composed of several strings using the same maximum power point. The proposed VC is an isolated DC-DC power converter which supplies a voltage to compensate for the voltage of shaded string in order to maintain the output voltages of every strings of a solar cell array to be the same. Therefore, the problem of multi-peaks in P-V curve of solar cell array caused by shadowing in a solar generation system can be solved. Therefore, the power generation in gridconnected photovoltaic generation system can be increased. A solar cell array comprising two strings is tested to verify the performance of the proposed VC. The experimental results are as expected.
INTRODUCTION
The operating conditions and characteristics for each solar module in a solar cell array may be different. This is called as mismatch. Mismatch results in different output voltage and output current in each string of a solar cell array with several strings. Fortunately, the differences in the characteristics of solar modules in a string are generally small. However, the mismatch caused by cloud, the orientation of sun, or the shadow of buildings and trees, cannot be avoided in the practical applications [1] [2] . The output current of a shaded solar cell is smaller than that of an un-shaded solar cell. This results in a reverse biased voltage in the shaded solar cell. Therefore, the shaded solar cell can be regarded as a load and it consumes real power. This may damage the shaded solar cells due to the hot spot on the shaded solar cells. For improving this problem, by-pass diode, connecting several solar cells in parallel, is including in a solar module and it conducts to by-pass the shaded solar cells [3] [4] [5] . However, by-pass diodes cannot solve all problems caused by shadowing.
The P-V (power-voltage) curves of solar modules depend on irradiance and temperature, and it has one unique maximum power point for different irradiance and different temperature [6] [7] [8] [9] . Shadowing is an important phenomenon of mismatch, and it may result in the multi-peaks in P-V curve of solar cell array.
Maximum power point tracking (MPPT) is one of key technologies for the solar generation system [10] [11] [12] [13] . To find the global maximum power point on a P-V curve with multiple-peaks of a solar cell array, many advanced MPPT methods [14, 15] have been proposed. However, the solar cell array does not output the true maximum output power even the global peak is tracked. Recently, power electronic compensators have been developed to solve the shadowing problems [16] [17] [18] [19] . However, both the power circuit and the control circuit are complicated.
This paper focuses on a solar cell array composed of several strings using the same maximum power point tracker. A voltage compensator (VC) based on an isolated DC-DC converter is proposed for a grid-connected photovoltaic generation system. The proposed VC supplies a compensating voltage serially connected to a solar string with shaded modules to maintain the output voltage of the shaded string at almost the same level with the un-shaded strings in the same solar cell array using the same maximum power point tracker. Therefore, the problem of multiplepeaks in the P-V curve solar cell array caused by shadowing can be solved. A hardware prototype including a solar cell array comprising two strings is developed and tested to verify the performance of the proposed VC. Fig. 1 shows a grid-connected photovoltaic generation system including a solar cell array comprising two strings, a boost DC-DC converter and a grid-connected full-bride DC-AC inverter and a DSP (TMDSDOCK28035) based controller. As can be seen, the solar cell array consists of two parallel connected strings, and each string has four solar modules. The function of boost DC-DC converter is to step up the output DC voltage and track the maximum output power of solar cell array, and the grid-connected full-bride DC-AC inverter is to stabilize the DC bus voltage, convert the DC power to AC power feeding into the utility.
II. CIRCUIT CONFIGURATION AND OPERATION THEORY
The by-pass diodes in the solar module will be conducted if the shadowing occurs. This will result in the lower output voltage of shaded string in a solar cell array. The different output voltage of each solar modules string in a solar cell array may result in multi-peaks in the P-V curve of the solar cell array. It can be seen in Fig.1 that the PV module 4 is shaded. The output voltage of the solar string with PV module 4 will be lower than other string if the by-pass diodes of PV module 4 are conducted. Therefore, the output current of the shaded string will also be lower than the un-shaded string. It may result in multi-peaks in the P-V curve of the solar cell array. This problem can be alleviated by inserting a DC voltage compensator in the shaded string to maintain the output voltage of the shaded string to be almost the same as the un-shaded string.
A voltage compensator (VC) based on an isolated DC-DC power converter is adopted. The input voltage of this VC is the output voltage of solar cell array, and its output voltage is serially connected to a string of the solar cell array. This VC supplies a compensating voltage to maintain the output voltage of the shaded string at almost the same level with the un-shaded strings in the solar cell array using the same maximum power point tracker. The VC works while the currents of different solar strings are different. The setting value for enabling VC is 0.1 A. Therefore, this VC can improve the problem of multi-peaks in P-V curve caused by shadowing in a grid-connected photovoltaic generation system. Fig. 2 shows the flowchart for controlling VC. The steps of the flowchart are shown as follows.

Step 1: getting the currents of strings; 
Step 2: calculating the error of string currents; 
Step 3: (1) the error of string current is larger than the setting value, VC works and supplies the compensating voltage to maintain the voltages of strings to be almost the same;(2) the error of string current is smaller than the setting value, VC is disabled and back to step 1;
III. EXPERIMENTAL RESULTS
In order to verify the performance of the proposed compensation method, a prototype is developed and tested. The solar cell array is simulated by two solar simulators. Each simulator is used to simulate a string with four solar modules. Table 1 shows the parameters used in the solar simulator. The DC-DC power converter used in the prototype is a flyback power converter. The experimental results under three different conditions are shown in the follows.
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Step 1.
Step 2.
Step 3. (1) Step 3. (2) Figure 2. Flowchart for controlling VC. Fig. 3 to 4 show the experimental results under the condition that all solar modules are un-shaded. The irradiance is 1000W/m 2 , and the temperature of the back panel is 50 o C in this case. Fig. 3 shows the I-V and P-V curves for string 1 and string 2 of the solar simulators. As seen in Fig. 3 , The open circuit voltage, Voc, of the each string is 168V, the short circuit current, Isc, of each string is 1.75A, the voltage at the maximum power point of each string is 123.8V, the current at the maximum power point, Imp, of each string is 1.461A, and the maximum power point, Pmp, of each string is 180.78W. Fig. 4 shows the experimental results of P-V curve under the condition that two strings are un-shaded. It can be that Pmp of solar cell array is 360W. Fig. 5 shows the I-V and P-V curves of string 1 with one shaded solar module. As seen in Fig. 5 , Voc is 162.9, Isc is 1.75A, Vmp is 92.8V, Imp is 1.461A, and Pmp is 135.69W. Fig. 6 shows the P-V curve of case 2 before and after compensation. As can be seen in Fig. 6(a) , the P-V curve has two peak points and Pmp before compensation is 291W. The P-V curve after compensation is smooth and only one maximum power point. Pmp is 306W.
Therefore, the output power of solar cell array at this case is increased after using a VC.
C. Case 3
Fig Fig.  7 shows the I-V and P-V curves of case 3. As seen in Fig. 7 , Voc is 155.8, Isc is 1.75A, Vmp is 92.8V, Imp is 1.461A, and Pmp is 135.69W. Fig. 8 shows the P-V curve of case 3 before and after compensation. As can be seen in Fig. 8(a) , the P-V curve has two peak points and Pmp before compensation is 297W. The P-V curve after compensation is smooth and only one maximum power point. Pmp is 309W. Therefore, the output power of solar cell array at this case is increased after using a VC. 
IV. CONCLUSION
A voltage compensator (VC) to compensate the shadowing phenomena of a solar generation system, including a solar cell array comprising several strings with the same maximum power point tracker, is proposed in this paper. The experimental results verify that the proposed VC can compensate for the voltage of shaded string to maintain the output voltages of every strings of a solar cell array to be almost the same. Therefore, the P-V curve after compensating is smooth and the problem of multi-peaks in P-V curve of solar cell array caused by shadowing can be solved. And then, the generated power of a solar generation system can be increased.
